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An apparatus for measurement of thermal conductivity, electrica; resistivity, and
thermopower of metals and alloyo is described. This apparatus, a modified version of
the one used earlier in this laboratory, utilizea the steady-state, axial heat flow method.
The samples are cylindrical rods about 23cm long, and from 0.1 to 1.0co® tu cross-

1 area, Included is adi ion about rad induced errors, thermometry,
and temperature control methods. Results on thermal conductivity, electrical resis.
tivity, Lorenz ratio, and thermopower {with respect to normal-silver) are reported for
titanium and aluminum alloys from 47 to 300°Kclvin. The data uncertainty is estimated
to be about 1% below 120“K, but up to about 5% near 300°K when radiation effects be
come important.

Key Words Aluminum alloy, electrical conductivity, Lorenz ratin, thermal
i h h ric power, titamum alloy.
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{. Introduction

The development af new materiala for the aerospace industry has created a demand for data on the
thermal and electrical properties of these alloys. To help satisfy the immediate needs for these data
we are making thermal and electrical conductivity measurements from liquid helium temperatures to
near room temperature on several alloys. Later more accurate measurements will be made on sev-
eral materials to establish them as standard reference materials. Measured standard reference ma.
terials may be used to verify the accuracy of new thermal conductivity apparatus oF as reference
standards in comparative apparatus. The availability of measured standard reference materials should
encourage more laboratories to enter this field of measurement.

Thermal data of technically important solids accurate to about 5% satis{y current demands. How.
ever, since future demands will likely become more stringent and because standard reference ma-
terial data are also desired, this program is directed toward the acquigition of data which are accurate
to within 1%. Thermal conductivity data accurate 1o within 1% are difficult to obtain for poor conduc.
ting alloys such as titanium A.1!0AT and especialty difficult at temperatures above approximately

120°K.

This paper deacribes the methed of measurement and the apparatus. Inciuded are data for tita-
sium A-310AT and aluminum 7039, along with a brief discussion of errors.

1
This work was supported by NASA, {Space Nuclear Propulsion Office) Contract R-45.
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2. Method of Mesgurement

Of the many methods described in the literature for the measurement of thermal conductivity,
probably the aimpl both y and hanically is the axial heat flow method. In this con-
figuration the sample is in the form of a rod with conatant crou -sectional area and the heat flow is
one-dimenaional along the axis of the rod. The defs for heat flow is

aT oM

where Q) is the rate of heat flow thru the rod; X ia thermal conductivity of the rod at temperature, T:
A is croas-gectional area of rod; and dT/dX is the temperature gradient along the rod. The rate of
heat flow, (. and ares, A, are measured directly while the temperature gradient dT/dX can only be
approximated from a finite number of measured values of T and X along the sample. For moat appa-
ratus there are only two or three points at which T and X are measured; in ours there are eight.

One can approximate the temperature gradient, dT/dX, by AT/8X. The quantity 8T is the tem-
peratur= difference between two adjacent measurad points separated by a distance 3X. This approxi-
mation of dT/dX haa the ity but the di ge of being h lly accu.
rate only if the increments 81 are lmal! or if A is independent of temperature. However, if 8T io too
small, it will be inaccurate due to meagurement errors. A aecond method of obtaining the temper.
ature gradient is ag follows. The T. ¥ points are representsd by a funciion T = T(X} which in turn is
differentiated to obtain the approximate temperatare gradient, T(X) = dT/dX. Caution must be exer-
cised in chooaing the function T(X} and in detern-ining its parameters to avoid introducing serious
fitting errors, particularly in the slope.

3. Apparatus

The apparatus (F1g.1) used in thif experiment is essentially the same as that used carlicr at this
lzboratory by R. L. Powsll, st al {1} The present sysiem differs from the eaxlier ones principally
by the addition cf the floating sink and its automatic temperature controls. The floating gink allows
greater flexibility in setting the temperature of the top of the sample. Thoe temperature of the floating
sink ig automatically stabilized, thus greatly reducing drift of the sample temperature because of bath
temperature drift. The temperature of the shell (0.5mm thick stainless steel) surrounding the sample
is automatically controlied to be the same as the temperature of the sample at the bottom thermo-
couple gtation. Three trim heaters spaced evenly along the shell enable one to match the shell and

sample at these locati ag well, Since the top of the shell ig in good thermal contact
with the uample thru the flosting sink block, it is possible to closely match the shell temperature to
the sample temperature at a total of five pointa. This adj reduces L iogses thru the

lesds connected to the sample as wall as thermal radiation losses. The messuring thermocouples and
the shell-to-sample differenti\ thermocouples {both Chromel v Au + 0. 07% Fe) are electrically in-
sulated {from the gample and the nhell. A typxcnl !hermor.ouple mount is illustrated in figure 2, Ther-
mal contact, while still is d with epoxy cement and Apiezen N
grease as shown in figure 2.

This ap 18 designed to algo the thermopower and the electrical resistivity of the
cample, The th d by g the Seebeci voltage bot the top and bottom
thermocouple holders uwing JbAWG “normal" si.ver wires. The absclute thermopower of normal
silver has been determined; it is small compared to most metals and alloys. Zlectrical resistivity is
determined by pasciing a known current through the sample (from the sample heater thru the sample to
the system ground) and measuring the voltrge drop across the aample between the top and bottom
thermocouple mounts. The Seebeck voltage is subtracted from the total yoltage drop to abtain the
rezigtivity voltage drop.

at the end of this paper.
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4. Samples

Two alloys were investigated: titanium alloy A-110AT (annealed) and aluminum alloy 7039-T61.
The aluminum oample was ground into a cylinder with 0.1 cm® cross-sectional ares and 23cm length.
It was supplied by ACF Industries, Inc., Albuquerque, New Mexico with a chemical analysis 25 follows:

Mn & Ni Cr Cu Fe Ti Be zn Mg Al
.23% <.I0 <.02 0,20 <.10 <.15 0.018 <.001 3.60 2,55 Balance

The heat treatment T-63 was in compliance with Kaiser Al and Chemical C

heat treat, t procedure. The sample v-as ground into a cylinder of 1. Ocm{f.rou section
and 23cm length. It was supplied by Crucible Steel Company of America, Syracuse, New York with
the following chemical analysie:

c Fe N Al H Sr T
0.97% 9.20 v.01 5.5 0.0158 2.5 Balaace

The hardneos and prain size of these samples wiil 2130 Le determined and reported in a jater publica-
tirn for more complete characterization of the samples.

5. Results aud Discussion

The thermal conductivity, clecirical resistivity, and thermopower of titanium alloy A-110AT and
Al-7039 were measured fron: 5 to 300°K and their values arc given in figures 3 thru 8. The Lorenz
ratios were calculsted {rom these data and are plotted in figures 9 arnd 0.

Since Ti A-110AT was the {irst sample invrstigated with this redesigned apparatus, more runy
than normal were conducted o deterinine the precasion snd reproducibiitty of these measurements.
The temperature rangey of these runs were ad;usted to obtain considerable overlapping between runs
not only for a giver bath but slsu between betha, €. .. sume runs us:ng @ L-He bath overlap runs using
L-Hs bath. The aluminum sample vas maasured ove - the sam» termperature range 2s the titanium
sample but there was less overlap it each range and therefore fewer runs were required. Th2 number
of runs and temperiture range investigated with the indicated baths are given below.

Number of Runs Temperature range

Bath T ALIL0AT AL.703 Tr A-110AT 717039
LHe 7 4 5. 1K 5. 28°K
LH, 7 3 23 . 105K 21 - T2°K
LN, 10 4 66 - 150°K 72 . 210°K
COy and

Ethanos 3 2 199 . 238K 198 . 225°K
Ice and

Wacer 1 2z 280 . 300°K 280 - 29¢°K

The ac'm.r in the data for the indivi wal runs and the deviation between overlapping runs are both less
than 1% below 120°K. From 120 to 200°K slightly higher deviations are observed and are attributed to
the preserce cf thermaj radiation crrors.
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At tha higher temperaturaes {between 200 and 300°K) the thermal conductivity curve ss defined by
sach run containg @ slight bump with the highest point corresponding to about the middle of the sample.
This bump can be axplained by d the p: of a paral’el path due to thermal radiation. 1 g
Dua to the symmetry of the sample and shield and the temperature distribution of each, the bottom of 3 ! N - .
the sample {hot end) should experience a net loas of energy while the top should gain energy. Thus the g . : @ -
caleulated @ iz more nearly correct nearest the heater, becomes progressively larger toward the g ! . ( To V
middle of the sample, and becomes more nearly correct beyond the middie of the aample approaching : K 3 SOUSUUUSUTIN A o ! 5}'5’6/”
( would tend to produce the observed bumpa. 4 ¢ St RN
the top end. Such s exrorin G °F " Y ryogenic Liquid 1 3&-6‘0 wer
For Ti A-110AT the deo of thege "' radi bumps are about 2% at 200°K and 4% at 300°K, . e B r,a
while for Al.7039 the bump is masked by the scatter, {.e., less than 0.5%, st 200°K and iy about 1% at F/aa/mg . hermometer
300°K. In an attempt to confirm that these bumps are caused by radiati a radistion ohield d E Sink ’ 3 R :
composed of 1cosely packed glass wool was placed around the Al-7039 sampte. An ice-bath run was : 3 o L f TR %N
repeated with this radiation ghield in place and resulted in thermal conductivity values 6% lower than i lectey - X ! a
with no radiation shield. No bump is observed in thege data. The measured thermal conductivity of - ; . i : | arbon
Ti-Al10AT at 300°K wan lowered by 13% by the presence of the glass wool radiation shield, At 200°K g ; Plotinum i : - Thermometer
the measured decrease was 6%, while at 115°K only & 1% decresse was obaerved., At 20°K the pres- 3 : Resistonce (31] Well
enca of the glaga wool packing did not affect the meagured value within the scatter of data. It is con- : ; Th . ]
cluded that the gize of the "bumnp" does not directly the of the errors, but S ; ermomerer +--4 / k_ Thermvcaap/e
the prosence of the bump is direct evidence that radiation errors exiet. The data presented in figures : : L 1 N Reforence
3 thru 10 are istent with the made with the glass wool packing in the apparatus. ] Standoff - - . Re:”g
ks % 4
. N
The present results have been p with an d itivity curve for the Chromel va Mms”rmg
Au + 0,07 atomic percent Fe th plag, This d curve may be systematically inaccurate Thermocouple | -4 q t opg .
by as much as 2% and adds d ly to the inty of the 1 ivity data. The =ensi- . o — A 4 —Te/mer/ng
tivity of thig thermocouple has been measured &t this laboratory and the final data will acon be avail. Vocuvum - - > . Shell
able. At that time thermal conductivity values will be recomputed using these more reliable data. : o :
The finzl computation will also be baged on more refined data reduction techniques and will contain Shell Controf . 1{. - > Trim Heater
small corrections which have not been included yet. It is anticipated however that these changes will 77 up/e . - N
#mount to no more than approximately. 3%, hermoco
i includi 1 . will follow in a lat : ; a1
li'nm details of these 2 P error analysis, follow in a later ; ; Sample ) = T/Iermocaup/e
publication. 3 } /-/g/ders
6. References 3 E ﬁbe/‘-g/oss
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Coffin, D. O.. An Apparatus for Measure-
ment of Therma!l Conductivity of Solids at
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itori i i f specific products, though T Band's
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Figure 1. Thermal Conductivity Apparatus.
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Figure 3. Thermal Conductivity of titanium alloy A-11DAT.
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Figure 10. Lorenz ratio of aluminum alloy 2039.
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